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SPECTROSCOP1C MEASUREMENTS ON AN H- TON SOURCE DISCHARGEL"

Roderich kellert and H. vernon Smith, Jr., AT-2, MS HB1@
Los Alamos National Laboratory, Los Alanos, New Mexico 87545 USA

Summary

Spectral emission lines from an H™ Penning surface-
plasma source (SPS), the AX source, are examined in the
visible and near ultraviolet. tlectron distribution
temperatures are deduced from integral line-strength
measurements. These temperatures are surprisingly
low, about 0.5 ev. Electron density values of about
1.5 x 104 cm~3 and 4-atom energies between 2 and 2.6 eV
are determined from the measured Balmer-line profiles.
Assuming the H™ energy s identical to the H-atom
energy, an emittance 1limit of 0.006 s-cmemrad is de-
duced for this source with a 5.4-mm aperture.

Introduction

The SPS provides bright H~ beams for accelerator
applications.? Not much is known about the plasma pa-
rameters of the source, but such information may prove
quite valuable in theoretical modeling and in under-
standing the performance 1imits. The primary aim of
our experiment is to use quantitative plasma spectros-
copy to determine the transverse H™ ion energy that,
along with the apertyre size, sets a lower limit for
the source emittance. Our experimental techniques and
interpretation of the measurements follow standard pro-
cedures descriLbed in textbooks.Z:? Hydrogen-atom en-
ergies are determined from the lCoppler broadening of
the H, linewidth, and electron densities from the Stark
broadening of the Hp and Hy 1inewidths. Electron dis-
tribution temperatures are calculated from the inten-
sity ratios of molybdenum, cesium, and hydrogen 1lines.
A more detalled description of the experimental appa-
ratus, measured data, and derivad quantities is given
elsewhere. *

Experimental Apparatus and Method

The 4X% source is a Penning SPS, described in detail
elsewhere.® Figure 1 shows the experimental setup.
The plasma column {5 observed side-on through the
4.A-mm-diam ion extraction aperture. The emitted light
passes through a quartz vacuum window and is imaged
with s1ight demagnification onto the menochromator en-
trance slit. The lens transmission is sufficient for
wavelengths down to 350 nm The monochromator siits
are perpendicular to the source magnet' field axis.
The .-nsitivity of the whole system, i1 iuding the pho
tomultiplier, 1{s calibrated by measuring the known
spectral emission of a 100-W tungsten/halogen lamp.

Line profiles are measured at 20-ym siit widths
where the measured instrument profile is Gaussian, with
a full half--width of 0.011 nm. A1) measurements are
time-resolved but are averaged over 10-20 discharge
pulses, and high-frequency oscillations are smoothed
out. Interestingly enough, even for quiescent dis
charge conditions (H™ current-signal noise level
about 1% for 50-MHz bandwidth), the integral line
intensity signals show 1trong osrillations: ¢20X for
H,. $70% tor Cs 11, and t10% for Mo | at 1-MMz band
width (the Cs 11 signal is shown in Fig. 2b).

for all examined discharge conditions, the ion
current delivered by the source is measured with a
taraday cup inserted 5 cm from the source. During the
spectrosccpic measurements, the cup is removed and no
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Flgure 1 Upoer: exper'mental srrangempnt of the 4X source and the '-m
monochromator on the fon wource test stand (ol to scale}. The distance
trom the emivyion aperture to the leny 13 67 ¢m. to the monochromstor,
107 ¢m. Lower: horizontal (top) and vertical (stde) sections ot the &x
source plasma volume Only ¢ smal) portion (cross-hatched area) of the
arc reqgion |y examined with the monochromator.

t(ms)

Yiqure 7  Oscillogramy for Condition 111, of (a) discharge voltage vp

(upper) and current lp (lower), and (b) the photomultipller tube current
Tpur for the (v 11 line at 480 38 nm  The ovc')lovcope bandw!dth |y 350
MHI for vy and ! MHI for the other signaly

extraction voltage 13y applied. Four different dis
charge conditions are investigated: a nolsy mode (1)
with 300 V and B0 A, yielding 90 mA of H™ ions at

29 kv, with 1.5-ms pulse width at 5-Hz repetition rate;
8 low-voltage mode (11) with 130 vV, 180 A, and 1.7 ms,
ylelding 100 mA of H™ at 29 kv, a quiescent mode (I11)
with 480 Vv, 55 A, 1.2 ms, and 60 mA of H™ at 21 kv,
and, last, a dc mode (IV) at much reduced \nstantane
ous power with 270 vV and 1.06 A, yleldiny about 1 mA

of H™ fon current at % kV.



Calculation of Plasma Parameters

For Yines of one ionization state of an element,
the electron temperature of the plasma is determined
from the 1{ntensity ratio by using the formula
kTq = (Eg-E4)/1n [(0*9.111111)/(A1g1 gl jEp ). with )
the 11ne emitted from &n upper level Bf higher excita-
tion energy £ than line 1; A the transition probabil-
ities; g the statistical ueights; A the wavelengths; !
the recorded integral intensities; and K the cal'bra-
tion factors. A true electron temperature is repre-
sented by kT, only in the case of local thermodynami-
cal equ111br$um (LTE). If LTE cannot be verified,
there may be different k1, values, depending on the
energy valuey of the levels involved, and k1, then
means the distribution temperature.

The emission lines used in deriving the source
plasma parameters are listed in Table |I. Wavelengths,
statistical weights, and level energies are taken from
the tatles in Refs. 6 and 7. Transiiion probabilities
are found in a rccent review® and monographs for molyb-
denum® and for cesium.'® No transition probabilities
for singly fonized cesium are available; therefore,
Tifet'm: data’! of eacited Cs II levels are used, and
tke transition probabilities of the Cs ion lines are
assumed to be one-tenth of the inverse 1ifetimes of
the radiating levels.

TABLE 1
DATA OF SHECTRAL LINES
USED TU DERIVE PLASMA PARAMLTERS

A(nm) E(eV) A-g(1085s°1)

Ha 656.28 12.09 4.19
Hg 48(.13 12.75 1.43
Ma 410.17 13.22 0.389
Cs | 455.53 2.12 0.0859
Cs 1 672.33 3.23 0.213
Cs ! 728.00 3.51 0.491
Cs 11 460.28 16.01 b.64
Cs 11 52210 15.68 2.28
wo 1 379.83 3.26 6.09
Mo 1 386.4) 3.20 a.51
Mo | 390.30 3. 3.25
Mo 1 506.2% 5.03 0.213
Mo 1 516.78 £.08 0.64
Mo 1 525.90 494 0.74

’1rans1t|on probability calculated from level 1'1etime
as discussed in the text.

Measured line profilec result from a convolution
of the different shapes that are due to linear Stark
broadeniny, related to the electron density. Doppler
broadening, causea by 'ke motion of radiating atoms;
instrument profile; and the fine structure splitting
of the sublevels. fFor H_ profiies, a fine structure
correction curve s calcuTated following the procedure
mentioned in Ref. 12, considering all seven subleve!
positions., The fine-structure correction is negligible
for the other Balmer series profites.

1o separate Stark and Doppler broadeninyg, & general
tendency can be exploited: Doppler broadening scales
proportionally tu the wavelength of the nbserved line;?
thus, H, shows the larqest Dopplisr broadening sffect of
the 1ine: we examine. Stark brosdening {5 larger for Hp
and Hy than for H, and Hy Thercfore, M, and H, are
bottor suited for |tom\c tomooroturc dptorm\nat\gns
and Hg and Hy are better for electron density
measurements,

For determinirng the H-atom temperatu.ce, we use only
the H, Vinewidth because 't, Stark-brosuening parame
ters are publt Nod 1n Ref. ? down to electron densities
of only 1 x 10! [xtrapolation of the tabulated
values to )V x 1V could lead to large errors in
the value derived for the Doppler width because the

extrapclated values of the HY Stark and Doppler widths
are roughly equal. Examples of the measured profiles of
Ho and Hy. together with ideal Gaussian or Lorentzian
profiles of equal half-width, are shown in Fig. 3.
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Profiles of lhe M,
dots are the data
have the same half-widths as the measured profliles
mized tn the M, profile

(upper) and Hy (lower) Balmer lines. The
The Gausyian (upper) and Lorent?ian (lower) curves
Ky and Mo Tiney are

The actual defoldirg proctedure uses the tabulateo
Voigt function parameters.® Knowing the total width
and the width of either a Gaussian or a Lorentziin
profile, one can immediately look up the width o' the
other profile. Hydrogen Stark profiles have nearly
Lorentzian shapes, whereas Doppler- and instrument
broadening effects produce Gav<sian shapes. The in
strument profile half -width is subtracted from the
Doppler-brcadening half-width by assuming they add
quadratically, Measured line widths, deriveu elec
tron densities, H atom energies, and electron dis
tribution temperatures are shown in lable I1.

TABLE T
DERIVED PLASMA PARAMLIERS
Discharge mode? 1 I 111 v
Hy measured full 0.0/25 0.082% 0.0800 0.0340
half -width, nm
Hp measured full 0.083 0.09?2% 0.09/0 0.032%
half width, nm
Liectron denuity, 1.08 1.29 1.bb 0.2Y
10'4 ¢
H-atom energy, eV 2.0 2.6 2.3 0.2}
tiectron distribution
temperaturesy, eV
From Mo 1 0.49 0 %0 0.54 V.07
trom Cy | 0.5%0 0.78
From Cy 1) 0.1 0.93 0.1? 0.34
From H 1 0.1¢

4Discharge mode: See text.
Uncertaln becauss the Stark parametler was extragolated,
CMeasured 1ine profiles are graphically integrated.

Discussion of the Results
The most striking feature of the derived pla-mna

parameters (lable 11) i« that the Mo-based electron
distribution temperatures have small deviations trom



their average, even though the pulsed discharge Condi-
tions 1-111 are considerably different, and are always
considerably lower than the H-atom energies (except
for the dc case). Plasma turbulence effects may cause
“hese higher H-atom energi... Strong oscillations of
the line intensity signals, even with quiescent dis-
charge voltage and current signals (Fig. 2), support
this view. The most 1ikely explanation for the sig-
nificant deviations between the electron temperatures
derived from different atom or ion species is that the
electron energy distributions are non-Maxwellian. The
small size of the variations of the derived electron
density values 1s also surprising because the dis-
charge currents vary by up to a factor of 3.3 for
Conditions I-I1I1. This unexpected behavior may be
largely duye to the fact that the measurements are per-
formed integrating over the spatia) depth of the dis
charge (Fig. 1) and smoothing out all time-dependent
variations with irequencies higher than 10 kHz.

To evaluate particle density ratios, the LTE state
must be confirmed. Applying Saha's equation? to cesium
at the measured electron temperature (0.55 eV) and
density for discharge Condition I1l, we get an ex-
pected Cs*/Cs© density ratio of 6.6 x 103. However,
the Boltzman formula with 0.55-eV electron tamperature
requires a Cs*/CsO density ratio 10 times larger
than the Saha result to explain the CsII/Csl (A = 460
and 455 nm) line intensity ratio. An assumec tempera
ture of 0.93 eV would yleld equal values of the
Cs*/CsC ratio for the Saha and Boltzman calculations,
but all electron temperature measurements for Condi -
tion I11 show significantly lower values. Thus, the
conclusion is that the plasma is not in the LTE state,
and probably a second population of electrons with
higher energies than those corresponding to a Maxwell
fan distribution for 0.55-eV temperature causes the
disagreement. [n this .ituation, it {s not Justified
to derive quantitative particle-density ratios for
the source discharge plasma.

A calculation ot the relaxation timc for the en
ergy exshange between H-atoms and H™ {ons yieldg about .
! x 107 ¢, assuming an atom density of 1 x 1012 em3
and a collision cross section of % x 10715 cm?
(Ref. 13), The corresponding mean free path is 0.2 cm,
about ten times less than the source discharge-chomber
dimensions, which supports our assumption that the H-
fons have the same energies as the H atoms.

For a Maxwellian fon distribution of energy kT,
the emittance versus beam fraction for a circular ap-
erture has been calcylated.:¢ The g-?. normalized rms
emittance is given by tx,y " (k1/mc¢) /2-R/2. where R
Is the aperture radius ahd mc< - 938 MeV. 1his rms
emittance includes 39% of the beam particles.
Table 111 gives the emittance values for each of the
four discharge ronditions, using ths H.atom energy
values of Table Il for the H 1on energy and
R+ 0.2/ cm. The brightness B is calculated from
B = 21./(e’ cxry), using the total measured W™ current
[.. For compa!\son with these calculated values, the
neasured values® for Conditions 1, 11, and 111 are
also given in the last four i'ney of Table I111.

1ABLL 111

EMITTANCE, CURRINY, AND BRIGHTNESS VALULS
Discharge Mode I I 111 v
cx,ylescmemrad)®  0.0062 0.00/1 0,006/ 0.0023
1 (ma)b 30 100 60 1
B(A/cm’ smrad?)® AR0 410 210 39
ey(w-cm-mrad) 0.01¢ 0.07? 0.9
cy(wcmemrad) 0.018 0.023 0.017
1 (mA), no 100 6!
B(A/cm? emrad?) 1? 40 103

8Calculated
Meajured

The measured emittances for the examined beams are
considerably larger than the emittances calculated
using the H-atom energies; therefore, either the W™
ion energies are much higher than the H-atom energies
or other effects contribute significantly to the meas-
ured emittances. These possible sources of emittance
include aberrations in the extraction system, magnetic
dispersion of the H™ ions, 1increase in the time-
averaged emittance caused by perveance fluctuations
in the extraction gap, or nonlinear space-charge com-
pensation effects. Thus., it may be possible to reduce
the emittance and Iincrease the brightness of the
source by reducing or eliminating one or more of these
other effects.

Conclysions

The plasma parameters of rhe pulsed discharge in
the 4X source are H-atom energy, 2-2.6 eY; electron
density, 1-1.1 x 10’ ¢m=3; and electron temperature,
~0.5 eVv. If, as seems likely, the velye of the H™
energy is equal to the H-atom energy, the lower limit
for the 4X source's bpulsed H™ beam emittance is
0.006 w-cmemrad for & 0.54-cm aperture,

Acknowledgments

Thanks to P. Allison for many discussians, R. K.
Sander for the loan of the monochromator, and R. A.
Tennant for the loan of other optical components.

Referencey

) G [ Derevyankin and ¥. 6 Dudninov, "Production o! Migh
Brightness W™ Beams in Surface-Plasma Sources.® AlP Lont
Proc No. 1), AlP, New York (1984), 3%

? W R Griem, Plpymd SpRciroacopy. (McGraw-Hill, New York, 1§9bd)

N W Lochte-Holtgreven, [d . Plgsmp 91agnosticy. (Morth Hollang
Publ. Co , Mmsterdam, 19068), esp Vols 1, 2, 3, 4.

4 T Keller and H V. Satth, Jr | *Spectroycopic Mearurementsy on
#n W™ lonh Source Discharge.” Los Alamos Nationa' Laborstory ATY
Tech Note AT-2-ATL 1 (1eY)

H v Smith, Jr., P. Alitwon, and o D Shermsn, "A Scaled, (ir
cular Emitter Penning SPY for Intante H' Beams “ AlP Cont

Proc No 111, AIP, New York (19B84), 458; and “The 4R Source,'
these proceedings

b AR Striganov and N 5 Sventitakti, Tabley of Specirg) Lings
ot Weytra! pnd lpniged Ato®. (1F1/Plenum, New York, 176B)

I A M. Salde), v K. Prokof'ev, and 5. W Ratuki, Spekirqliabe!len,
(VER Verdag Te-hnik, Berlin, 198))

L] ) Reader, U M Corligy, W L. Wiese, and G A Martin, "Wave
lenqgthy and Y-ansition Probabilities for Atomy and Atomic lons,*
Nsttiona) Bureau of Standardy, Washington, DU, repur? NSANY MBS 68
(1980)

9 5. L. Schnehage, X Danymann, R, Huennemeyer, and M Kk,
*Oscillator Strengths of Meutrs! and Singly loniyed Mo)lybdenum,’
J. Quent . Spectros:  Magiatl Trantrer 19 (198)), 507, L .
Nikonove and V. k. Prokof 'ev, *The Rat'lo of the Oscillator
Strengths of Components of the Rejonance Multiplets of Al 11,
Cr, Rn, Mo, and fony of me, (8., 8nd 57 ." optina | dpekvrosuoptiys
Vo(19%), 290, and N N Kirsanova, "The Absolute Transition
ProbabiVitiey for the Molybdenum Lines,* Ih Prikl Spektrosk
15 (\97"), s

10 W 8 Hawh'ins_ *Cesium Yramyition Probabilitiey for Optica)
Pumping . ® fhys. Rev. ) (1982), 44, C. L Chen and A v
Phelps, "Absorption Coeffic'enty ‘or the Wingy of the Firyt Two
Revonance Doublets of Cestum Droadened By Argnn,* Phyy Rev Al
(1913), 410: and 0. 3. Heaves, °Radiative Tranyi fon Probabt)
1090y «7 the Lower Uncited States of the Alkall Metals.* ) Opt
Soc. Amo 81 (1981), 1088

11 A | Dsherovich and A Ya Nikola'ch, "Radistinn 1ifetimey af
Trcited States of the Cevlum lon,” Optika 1 dpektrovhoplys 4
(1979}, 83¢; and I Alvarer, A Arnesen, a. Benglson J Campos,
R. Halein, [ wWorgling, 5 Moreland, ond U  Steaf. 'Nrpor“u
Strutture and Life time of Some Lacited Levely in Cy'," Phyr
Rev. A2) (1980) 110

12. M W Qroviman, "M lon Sourre Dlagnostich," Pror. o! Symp on
the Produciion and Neutraliration of Negat!ve Hydrogen lohy snd
Beamy  Broothaven Nationa! Laboratory report WL 50121 (19!)),
V08,

V3 0 . Mook, MRL Playma tormuipry. (Nava)l Rewearch Lsboratory,
Warvhington, OC, 1970

14, P Alldgon, ). 0 Sherman, and H V. Smith, Jr., "Comparison nf
Mearured tmittancy of an N lon Beam With & Simple Theory.® Lov
Alamot Nationa! Labnratory redort LA G000 M3, (June 198))



